Dynamic alterations of the extracellular matrix in response to injury directly modulate inflammation and consequently the promotion and resolution of disease. During inflammation, hyaluronan (HA) is increased at sites of inflammation where it may be covalently modified with the heavy chains (HC) of inter-␣trypsin inhibitor. Deposition of this unique, pathological form of HA (HC-HA) leads to the formation of cable-like structures that promote adhesion of leukocytes. Naive mononuclear leukocytes bind specifically to inflammation-associated HA matrices but do not adhere to HA constitutively expressed under homeostatic conditions. In this study, we have directly investigated a role for the blood-coagulation protease thrombin in regulating the adhesion of monocytic cells to smooth muscle cells producing an inflammatory matrix. Our data demonstrate that the proteolytic activity of thrombin negatively regulates the adhesion of monocytes to an inflammatory HC-HA complex. This effect is independent of protease-activated receptor activation but requires proteolytic activity toward a novel substrate. Components of HC-HA complexes were predicted to contain conserved thrombin-susceptible cleavage sites based on sequence analysis, and heavy chain 1 (HC1) was confirmed to be a substrate of thrombin. Thrombin treatment is sufficient to cleave HC1 associated with either cell-surface HA or serum inter-␣-trypsin inhibitor. Furthermore, thrombin treatment of the inflammatory matrix leads to dissolution of HC-HA cable structures and abolishes leukocyte adhesion. These data establish a novel mechanism whereby thrombin cleavage of HC1 regulates the adhesive properties of an inflammatory HA matrix.
The extracellular matrix (ECM) 2 is a complex environment that functions as a physical scaffold for cells but also provides molecular signals affecting cell shape, proliferation, differentiation, apoptosis, and adhesion. Composed of proteins, proteoglycans, and glycosaminoglycans, the ECM influences cellular function through interactions with cell surface receptors. In response to inflammatory cytokines, the composition of the ECM can be modified by deposition of inflammation-induced matrix components and secretion of matrix proteases (1) . The remodeled ECM of inflamed tissues propagates the inflammatory response by altering the behavior of both tissue-resident and infiltrating cells, which amplify immune cell recruitment and activation (2, 3) .
Hyaluronan (HA) is a glycosaminoglycan consisting of repeating disaccharide units of glucuronic acid and N-acetylglucosamine joined by alternating (␤-1,3 and ␤-1,4) glycosidic linkages. As an integral component of the ECM, HA exists as a large, hydrophilic polymer often with an average molecular mass of ϳ10 7 Da. Increased accumulation of HA has been reported in numerous inflammatory pathologies, including rheumatoid arthritis (4, 5) , atherosclerosis (6) , lung disease (7, 8) , diabetes (9, 10) , and inflammatory bowel disease (IBD) (11) . Initially, HA was considered merely an inert space-filling substance, but it has become increasingly clear that HA has multiple roles in inflammation (12) .
During inflammation and development (13, 14) , HA can be covalently modified with the heavy chains (HCs) of inter-␣inhibitor (I␣I) to form a biologically distinct HC-HA complex. Biosynthesis of the I␣I family proteins primarily occurs in the liver and results from stepwise assembly in the Golgi and involves several proteolytic processing events (15) (16) (17) . I␣I is unique among proteoglycans in that it is composed of at least two different proteins (bikunin and HCs) covalently attached to the same chondroitin sulfate (CS) chain. HC1, HC2, and HC3 contain a conserved Golgi-processing site in their C terminus and are joined to the CS of bikunin by an ester linkage (18 -20) . Following assembly, I␣I (HC1, HC2, and bikunin) and pre-␣I (P␣I) (HC3 and bikunin) are secreted into circulation and may reach concentrations of 0.15-0.5 mg/ml (21) . Transfer of HCs (from I␣I to HA) is catalyzed by the enzyme tumor necrosis factor-stimulated gene 6 (TSG-6) (22, 23) , which in most tissues is only expressed during inflammation (24) . This evolutionarily conserved reaction (25) results in a unique, pathological form of HA. Inflammation-associated HC-HA has been observed as large "cable"-like structures that promote leukocyte adhesion to the ECM and may contribute to tissue destruction (26 -29) .
Although the HCs are homologous, their distinct biological functions and how they are regulated remain unclear.
The serum protease thrombin is arguably the most extensively studied of all human proteases, functioning both in blood coagulation and as the most potent activator of circulating platelets. In addition to hemostasis, thrombin also has roles in tissue repair (30) , development (31) , and in inflammation (32) . Many of the effects of thrombin on platelets and endothelial cells are elicited through interaction with a family of transmembrane G-protein-coupled receptors, termed protease-activated receptors (PARs) (33) . Thrombin binding results in cleavage of PAR-1, the predominant thrombin receptor on endothelial cells. Cleavage generates a new N terminus, also known as the thrombin receptor-activating peptide (TRAP), which acts as a tethered ligand capable of inducing PAR activation (34) . Thrombin-mediated activation of PARs on platelets and endothelial cells has been shown to be a central regulator of leukocyte recruitment and adhesion (35) (36) (37) .
A growing body of evidence suggests that inflammation and hemostasis are closely linked processes capable of amplifying each other (38) . In IBD, several elements of the coagulation cascade are altered, and there is evidence for accelerated thrombin generation (39) . We hypothesized that thrombinmediated activation of extravascular tissues such as intestinal mucosa smooth muscle cells (M-SMCs) may be involved in the enhanced leukocyte adhesion seen in IBD. Surprisingly, our data demonstrate that thrombin treatment of poly(I⅐C)-stimulated M-SMCs negatively regulates leukocyte binding. Our data show that the proteolytic activity of thrombin is required for this effect and that proteolytic cleavage of HC1 results in dissolution of the leukocyte adhesive HC-HA matrix.
Results

Thrombin Abolishes Poly(I:C)-induced M-SMC Leukocyte
Adhesion-We previously reported that naive mononuclear leukocytes (e.g. U937 cells, monocytes, and lymphocytes) bind to M-SMCs treated with virus or poly(I⅐C) specifically via HA cable structures (26) . These ECM elements are distinct from native HA because of their modification with hyaluronan-binding proteins, including HC proteins donated by I␣I (5, 11, 29, 40, 41) as well as versican (10, 28, 42) . The pathological inflammation-associated form of HA is significantly increased in the submucosa of colon tissue in patients with IBD (11) as well as in mice undergoing experimental colitis (43) , and deposition of this unique matrix requires vascular leakage of serum-derived I␣I into inflamed tissues (11, 23) . Thrombin is a serum protease that is generated at an accelerated rate in IBD (39), and we and others have shown that it induces increased leukocyte adhesion to the endothelium, a key role in mediating inflammation (35) (36) (37) . We therefore hypothesized that thrombin may contribute to the increased HA-mediated leukocyte adhesion/recruitment mediated by intestinal M-SMCs, important contributors to the inflammation associated with IBD.
To test the effect of thrombin on leukocyte adhesion, we first measured U937 monocytic cell adhesion to M-SMCs derived from patients with IBD. Multiple patient isolates of human primary M-SMC cultures were treated for 18 h with poly(I⅐C) (100 g/ml) as a positive response stimulus or TNF-␣ (10 ng/ml) as a negative control. Following treatment, U937 cell adhesion was measured. Consistent with our previous reports (11, 26) , U937 cell adhesion to M-SMCs was significantly increased in response to poly(I⅐C) but not in response to TNF-␣, when compared with control media treated with M-SMCs ( Fig. 1A) . Treatment of M-SMCs with thrombin alone (25 units/ml) had little effect on U937 cell adhesion; surprisingly, however, thrombin addition to poly(I⅐C)-stimulated M-SMCs abolished U937 binding. To confirm that the effects observed with U937 cells represented a process important to normal leukocytes, we tested the ability of thrombin to abrogate adhesion of normal human peripheral blood leukocytes to poly(I⅐C)-treated M-SMCs. Fig. 1B demonstrates that treatment of M-SMCs with poly(I⅐C) results in significantly enhanced binding of total peripheral blood mononuclear cells, purified monocytes and neutrophils, as well as U937 cells, compared with controls. Strikingly, thrombin addition after poly(I⅐C) stimulation of M-SMCs completely reverses the increased leukocyte attachment for all cell types examined. Together, these data suggest that the HA adhesion mechanism is common to leukocytes and is regulated by thrombin. From these results it seemed plausible that thrombin has the capability to alter the hyaluronan leukocyte adhesive matrix; therefore, we investigated potential mechanisms.
Proteolytic Activity of Thrombin Regulates Leukocyte Adhesion to Poly(I:C)-stimulated M-SMCs-Previously, reports have shown that thrombin increases adhesion of leukocytes to endo- thelial cells through activation of PARs, which require proteolytic cleavage for receptor activation (33, 34) . Therefore, we asked whether the ability of thrombin to attenuate monocyte adhesion was dependent upon proteolytic activity toward PARs or other additional substrates. M-SMCs were treated with poly(I⅐C) overnight, and 3 h before the leukocyte adhesion assay increasing concentrations of thrombin (0 -25 units/ml) were added to the cultures. Thrombin treatment of poly(I⅐C)-stimulated M-SMCs reduced U937 adhesion in a concentration-dependent manner ( Fig. 2A) . Although low doses of thrombin capable of activating thrombin receptors (1-5 units/ml) had no discernable impact on U937 adhesion to M-SMCs, we observed a 50% decrease at 15 units/ml and almost a total loss of U937 adhesion at 25 units/ml. To determine whether thrombin was acting directly through a PAR to reduce leukocyte adhesion, poly(I⅐C)-stimulated M-SMCs were treated with the PAR ligand, TRAP, and its activity was compared with thrombin (25 units/ml). Fig. 2B demonstrates that thrombin receptor activation by TRAP (100 M) could not reproduce the effects of thrombin protein, suggesting that thrombin was acting independently of PARs. We further determined that the ability of thrombin to abrogate poly(I⅐C)-induced adhesion was time-dependent, observing a 55% decrease in U937 cell adhesion after 30 min post-thrombin addition and reaching a maximal abrogating effect (81% decrease) by 3 h (Fig. 2C ). Importantly, coincubation of thrombin with the serine protease inhibitor PMSF blocked the ability of thrombin to ablate U937 adhesion to poly(I⅐C)-induced M-SMCs. These data indicate that the proteolytic activity of thrombin negatively regulates hyaluronan-mediated leukocyte adhesion in a PAR-independent manner.
Heavy Chains of Inter-␣-inhibitor Possess Thrombin Cleavage Sites-We have previously demonstrated that naive mononuclear leukocytes bind specifically to HC-HA and that treatment with specific antibodies to I␣I-related proteoglycans during cable formation interferes with leukocyte adhesion (11) . The observation that thrombin regulation of leukocyte adhesion to poly(I⅐C)-stimulated M-SMCs was dependent on proteolytic activity led us to evaluate whether components of the inflammatory HC-HA matrix might be sensitive to proteolysis by thrombin. Known thrombin substrates typically align to three-to-four positions in the reported consensus recognition sequence (44 -46) , and exosite interactions are known to enhance substrate specificity (47) . We therefore queried the Swiss Protein and TrEMBL databases (48) to determine whether any of the known HC-HA components might be novel potential thrombin substrates. The I␣I family HCs showed high sequence homology, and with the exception of HC2, at least one predicted thrombin site is present in each HC sequence (data not shown). Human HC1 contains a thrombin cleavage site proximal to the glycosaminoglycan attachment residues where HC1 may be covalently linked to either the CS of I␣I during biosynthesis or covalently attached to HA following transfer by TSG-6 ( Fig. 3A) . The HC1 thrombin consensus sequence (LGPRϳRTF) contains preferable residues at each site, and proteolysis at this site would result in dissociation of most of HC1 from either HA or I␣I. By contrast, the consensus sites contained within HC3 and HC4 lie within the pro-peptide region and C terminus, both of which are reported to be removed during biosynthesis (15, 49, 50) . Based on this observation, we performed cross-species protein sequence comparisons of HC1 to determine whether the thrombin-susceptible cleavage sequence is conserved. As shown in Fig. 3B , the region of HC1 proximal to the thrombin consensus sequence is highly conserved across all placental mammals analyzed. No thrombin consensus sites were found in either orthologues or paralogues of HC1 in birds, fish, or reptiles (data not shown).
Heavy Chain 1 Is Susceptible to Cleavage by Thrombin-Based on these observations, we tested whether thrombin could cleave HC1 directly. We released the cell-associated HC-HA matrix from the surface of poly(I⅐C)-stimulated M-SMCs with limited Streptomyces hyaluronidase digestion, and we incubated these samples in the presence or absence of 25 units/ml thrombin. Protein samples were then separated on the basis of size, prepared for mass spectrometry, and analyzed for peptides corresponding to HC1 (Fig. 4 ). This analysis detected 44 unique HC1 peptides with a sequence coverage of 52% ( Fig. 4A ). In the absence of thrombin, all HC1 peptides detected were present at high molecular mass ranges (within gel regions 1-4) from Ͼ250 to 90 kDa, consistent with the molecular masses of I␣I, P␣I, and free HC1. For samples treated with thrombin, HC1 peptides (31%) were detected at high mass ranges (regions 1-4), but the majority of peptides detected (69%) was found at lower mass ranges (regions 5-9) ( Fig. 4 , B and C). Next, we selected specific N-and C-terminal HC1 peptides detected in both samples and investigated whether these peptides were observed at different mass ranges upon thrombin treatment (Fig. 4D ). The N-terminal peptide was present only at high mass ranges (data shown for region 1) in untreated samples but was present in both high and low mass ranges (data shown for region 7) in thrombin-treated samples, consistent with cleavage by thrombin. By contrast, the majority of the C-terminal peptide was detected only in high mass ranges in both samples. Taken together, these data indicate that HC1 is a genuine substrate of thrombin.
Thrombin Cleaves HC1 from Inflammatory Matrix HA and from Serum I␣I-Our previous studies demonstrate that HC1 and HC2 specifically associate with HA on the surface of M-SMCs in response to poly(I⅐C) (11) . We therefore investigated whether thrombin was capable of cleaving HC1 from the HC-HA matrix on the surface of poly(I⅐C)-treated or untreated M-SMCs. Western blotting analyses using an affinity-purified polyclonal antibody that recognizes intact I␣I family members (Fig. 5A ) showed a reduction in the bands corresponding to I␣I upon thrombin treatment. As expected, we also observed an increase in P␣I in the same lane, consistent with a mass shift upon cleavage of one HC from I␣I. We verified thrombin cleavage of HC1 by probing with a monoclonal antibody specific to HC1 (Fig. 5B ). Altogether, these data indicate that thrombin is capable of cleaving HC1 from the HC-HA matrix on the surface of poly(I⅐C)-treated M-SMCs.
We also sought to determine whether thrombin was capable of cleaving HC1 on serum I␣I, independent of when it is associated with HA. Western blotting analysis of increasing dilutions of serum incubated without or with thrombin indicates that thrombin treatment of I␣I causes a mass shift from I␣I to P␣I (Fig. 5C ), consistent with our findings using the M-SMCgenerated HC-HA matrix (Fig. 5A ). Analysis with an antibody specific to HC1 (Fig. 5D ) indicates a broadening of the band corresponding to HC1 (indicative of HC1 released from I␣I), a proteolytic fragment consistent with Fig. 5B , and the presence of multiple proteolytic fragments upon thrombin treatment.
Thrombin Cleavage of HC1 Regulates Leukocyte Binding by Dissolution of HA Cables-Previous studies have demonstrated that the HCs of I␣I, but not CD44, are required to form HC-HA cable complexes (26, 42) . However, blocking of CD44 on leukocytes has been shown to abolish adhesion to HA, indicating that leukocytes recognize the HA component of HC-HA complexes (26) . Because antibodies to I␣I have been observed to inhibit the formation of HA cables (11), we investigated whether thrombin-mediated cleavage of HC1 regulates leukocyte adhesion by altering the organization of cell-surface HA. Replicate cultures of M-SMCs were treated either with medium alone or containing poly(I⅐C) overnight or treated with poly(I⅐C) overnight followed by treatment with thrombin for 1 h prior to adding peripheral blood leukocytes. Immunofluorescent histochemistry with the HA-binding probe (green) was used to determine the organization of HA on the surface of M-SMCs (Fig. 6 ). The cells were stained with a monoclonal antibody to CD44 (Fig. 6 , red) to detect the cell bodies of both leukocytes (small round cells) and M-SMCs (larger flat cells). Control medium-treated cells produce a relatively small amount of HA, which can be observed in randomly distributed patches along the cell surface. In contrast, poly(I⅐C) stimulation induces the formation of thicker pericellular coats of HA as well as large HA cables ( Fig.  6 , arrows) that can span multiple cell lengths. The addition of thrombin to poly(I⅐C)-stimulated cells abolishes the presence is depicted by an arrow from the indicated residue to either CS or HA. The conserved sequence required for processing by an unknown Golgi enzyme and covalent transfer to CS is depicted as a yellow line. The predicted thrombin consensus sequence (LGPRRTF) is shown as a red line. B, partial HC1 sequence alignment of the thrombin consensus sequence. The consensus sequence is underlined, and an arrow indicates the scissile bond. Amino acids are colored corresponding to the following properties. Blue, small and hydrophobic residues; purple, acidic residues; red, basic residues; green, hydroxyl, sulfhydryl, amine, and glycine; yellow, proline; white, aromatic. 
Discussion
Using an in vitro system in which a viral mimetic induces the formation of a leukocyte-adhesive HC-HA matrix on the surface of colon mesenchymal cells, we investigated the ability of thrombin to regulate leukocyte adhesion. Here, we have demonstrated that thrombin unexpectedly ablates leukocyte adhesion to the HC-HA matrix. Thrombin treatment of poly(I⅐C)stimulated M-SMCs dramatically reduced adhesion of U937 cells, PBMCs, monocytes, and neutrophils (Fig. 1) , and this effect is independent of PAR activation but still requires proteolytic activity (Fig. 2) . These observations indicated that thrombin acted on a novel substrate, and we determined that HC1 contains a thrombin consensus site, which is highly conserved across a number of mammalian species (Fig. 3 ). Using mass spectrometric analysis, we confirmed that HC1 is a substrate of thrombin ( Fig. 4) . Thrombin was shown to cleave HC1 from HA at the cell surface of poly(I⅐C)-stimulated M-SMCs and from serum I␣I, generating fragments cross-reactive with an anti-HC1 antibody (Fig. 5) . Importantly, immunofluorescent staining revealed that thrombin treatment of poly(I⅐C)stimulated M-SMCs resulted in a dissolution of the HC-HA matrix (Fig. 6 ). Together, these data demonstrate that thrombin-mediated cleavage of HC1 negatively regulates leukocyte binding to M-SMCs by altering an inflammation-associated HC-HA matrix.
Increasing evidence suggests that the inflammation and coagulation pathways are intertwined and capable of extensive cross-talk. Inflammation enhances activation of coagulation factors, and coagulation in turn amplifies inflammatory activity. Dysregulation of these responses can modulate one another and contribute to disease. Thrombin, which acts as both a procoagulant and pro-inflammatory molecule, can activate cellular receptors on platelets, leukocytes, and endothelial cells to promote cytokine production and adhesion. Thrombin generation is reported to be accelerated in IBD (39) , and it may contribute to disease pathology through multiple mechanisms. Thrombin activation of PAR-1 on endothelial cells leads to induction of vascular cell adhesion molecule 1 (VCAM-1), which is constitutively expressed in the inflamed mucosa of patients with IBD (51), and in a rat model of colitis (52) . Two major pathological changes in IBD in which thrombin may participate are the increased influx of mononuclear leukocytes into the intestinal submucosa and hyperplasia of the muscularis mucosa of smooth muscle cells.
Our present data suggest that the anti-adhesive effect of thrombin results from cleavage of HC1 to prevent leukocyte binding to inflamed smooth muscle cells (Fig. 1) . The observation that thrombin treatment leads to decreased leukocyte adhesion independent of PAR activation (Fig. 2) led us to consider novel substrates of thrombin, which might mediate this effect. Thrombin has previously been shown to act upon several ECM adhesion molecules such as nidogen (53), type V collagen (54) , fibronectin (55), laminin (56) , and integrin ␣V (46) . We have previously demonstrated that the majority of leukocyte adhesion to respiratory syncytial virus-infected M-SMCs was mediated by HA (26) . At least in M-SMCs, VCAM-1 function appears to be masked by HA, but it can be restored by removal of HA with hyaluronidase (26) . Under normal conditions, cellsurface HA on M-SMCs is minimally adhesive for leukocytes, but viral infection or treatment with poly(I⅐C) induces the formation of a highly adhesive hyaluronan matrix that is crosslinked with the HCs of I␣I (11) .
Our evaluation of thrombin-susceptible sequences in human HC proteins identified HC1, HC3, HC4, and HC5 as novel potential targets of thrombin. The location of the predicted site in human HC1 was of particular interest as cleavage of the thrombin-sensitive sequence (LGPRRTF) would result in dissociation of the majority of HC1 from HA, leaving behind a small ϳ3.5-kDa fragment attached to HA. We were able to confirm HC1 as a substrate of thrombin, but we observed HC1 fragments at different molecular masses than expected based on our predictions of human HC1 (Fig. 5 ). This discrepancy can be explained by the fact that bovine HC1 contains an additional thrombin consensus sequence near the N terminus that is also well conserved in placental mammals, including chimps (data The organization of HA on the surface of M-SMCs was determined using an HA-binding probe (green). Cells were stained with a monoclonal antibody to CD44 (red) to detect the cell bodies of both leukocytes (small round cells) and M-SMCs (lager flat cells), and nuclei were stained with DAPI (blue). Untreated M-SMCs possess a low level of HA on their surface, and few PBMCs appear bound. In contrast, poly(I⅐C)-treated cells produce more HA as well as large HA cables (arrows), which contain many PBMCs bound to HA in clusters. The addition of thrombin to poly(I⅐C)-stimulated cells abolishes the presence of HA cables, while leaving regions of pericellular HA coats intact. An immunostaining specificity control (2°Control), in which only secondary reagents are added, is also shown. Scale bar, 50 m. not shown). Cleavage at this site is predicted to result in fragments of 55, 16, and 3.5 kDa consistent with our observations of human serum (Fig. 5) . Interestingly, the corresponding sequence in human HC1 (VNPQSKV) contains a sub-optimal glutamine at P1 and was missed in our sequence prediction due to the requirement of arginine at P1. Further studies will be needed to determine whether the proteolytic fragments generated by thrombin have biological properties.
Increased matrix deposition of HC-HA has been described in several inflammatory pathologies and is believed to contribute to disease (57) . However, in some contexts, such as the amniotic membrane, HC-HA possesses anti-inflammatory effects (41) . Some of these divergent functions of HC-HA may be explained by the particular composition of proteins associated with HA. The amniotic membrane endogenously synthesizes both TSG-6 and I␣I, producing an HC-HA that primarily contains HC1 (13) . This suggests that the in vivo biosynthetic environment of the amniotic membrane is dissimilar from other tissues, in which TSG-6 is produced only in response to inflammation, and HCs are derived from serum I␣I.
Increased HA deposition is a consistent feature of tissue injury and inflammation (58, 59) . The observation that leukocytes do not bind to HA under normal conditions, but bind strongly to HC-HA, suggests that this inflammation-associated ECM element promotes disease progression. Using an experimental model of colitis, we have demonstrated that HA cable formation precedes inflammatory cell infiltration and that HC-HA cables produced by the endothelium recruit leukocytes (43) . Importantly, disruption of endothelial HA synthesis by knock-out of hyaluronan synthase 3 (HAS3) protects HAS3null mice from colitis (60) . Increased HA deposition observed in mouse models during development of colitis strongly parallels human IBD (43) . In colon tissue from patients with IBD, inflammation-associated HC-HA is in close contact with CD44-positive leukocytes, suggesting that HCs confer pro-inflammatory properties on native HA (11) . Degradation of HA or antibody-mediated blockade of leukocyte CD44 abolishes binding, but antibody blockade of I␣I does not, indicating CD44 likely mediates leukocyte adhesion to HC-HA (11, 26) . Although a number of groups have established the importance of CD44-HA interactions in inflammation (61) (62) (63) , the specific contribution of HCs remains unclear. We recently demonstrated that platelets can modify an inflammatory HA matrix through the enzyme hyaluronidase-2 (64). Platelet-mediated degradation of HA-rich inflammatory matrices may modulate inflammatory responses by clearance of HA produced in response to inflammatory stimuli. Dissolution of the HC-HA matrix can abrogate leukocyte binding, as presented in this work. However, cleavage of HA by platelets and other cell types can result in small molecular weight HA fragments, which themselves may contribute to inflammation by promoting chemokine expression, chemotaxis, and angiogenesis (65-67). The direct mechanism through which HC-HA contributes to inflammation is not fully known, but it likely involves organization of additional matrix proteins and increased adhesion/recruitment of leukocytes.
At present, our understanding of how HC-HA matrices are regulated, both in promotion and resolution of inflammation, is incomplete. Our new data suggest that proteolytic cleavage of HC1 leads to loss of the inflammatory HC-HA matrix, and it is therefore likely HCs contribute to the stability of this matrix. Although HC3 and HC4 also contain sites potentially susceptible to thrombin, HC4 has been demonstrated to be a substrate of kallikrein (68) . During acute inflammation, hepatic transcription of HC3 and HC4 is reported to be increased, whereas HC1 expression is unchanged and HC2 is decreased (69) . Serum-derived serine proteases, such as thrombin and kallikrein, may therefore function as novel ECM remodeling enzymes and act via this additional mechanism to modulate inflammation.
Experimental Procedures
Cell Isolation and Culture-All M-SMC cultures were derived from human colon specimens obtained within 2 h after resection from patients undergoing surgery for conditions that did not involve inflammatory diseases (Department of Anatomical Pathology, Cleveland Clinic) as described previously (26) . In brief, the lamina propria (mucosal layer) of each specimen was removed, blotted, cut into strips, washed in 50 ml of Hanks' BSS containing 0.15% DTT (w/v) for 30 min, washed three times in 100 ml of Hanks' BSS containing 1 mM EDTA for 1 h each, and washed four times in Hanks' BSS alone for 30 min each. The washed lamina propria strips were finely minced prior to digestion overnight in 100 ml of Hanks' BSS with collagenase, DNase (0.1 mg/ml each), penicillin (250 units/ml), streptomycin (250 g/ml), and fungizone (0.625 g/ml). Cells were then filtered from the undigested tissue by passage through a 10-m cell strainer and cultured at 37°C with 5% CO 2 in DME/F-12 medium supplemented with 10% fetal bovine serum (Bio-Whittaker, Walkersville, MD) and antibiotics (penicillin, 100 units/ml; streptomycin, 100 g/ml; fungizone, 0.25 g/ml). All cultures were used within the first four passages. U937 cells were purchased (ATCC) and cultured according to their specifications.
Separation of Human Leukocytes-Total mononuclear cells were separated from heparinized peripheral blood (100 units heparin/ml) by centrifugation on Ficoll-Hypaque density gradients (70) . The isolated peripheral blood mononuclear leukocytes were resuspended in RPMI 1640 medium supplemented with 5% FBS (25-50 ϫ 10 6 cells/ml) in a Teflon beaker to prevent attachment during labeling. Viability of the peripheral blood mononuclear leukocytes was always greater than 95%, as determined by trypan blue dye exclusion. Neutrophils in the pellet of the Ficoll-Hypaque gradient were further purified according to the method of Stossel et al. (71) using sedimentation in a dextran gradient and hypotonic lysis of residual erythrocytes. Cells isolated by this procedure were routinely greater than 95% neutrophils, as estimated by differential counting.
Monocytes were separated from peripheral blood (100 units of heparin/ml) by a modification of the method of Recalde (72) . Briefly, total mononuclear cells were collected by Ficoll-Hypaque density gradient centrifugation, washed, and resuspended in FBS. The cells were then maintained at 37°C, and 9% NaCl was added at three 10-min intervals (5 l/ml, then 10 l/ml, and then another 10 l/ml). After the last 10-min incubation, the cell suspension was mixed with 2 volumes of PBS (with 27 l of 9% NaCl/ml added) and underlaid with 1 volume of Ficoll-Hypaque (with 2.8 mg of NaCl/ml added). The gradient was spun at 600 ϫ g for 20 min, and the monocytes were separated from the Ficoll interface, washed twice with cold PBS, and finally resuspended in DME/F-12 ϩ 5% FBS in a Teflon beaker to prevent attachment. Isolated populations were routinely 78 -90% monocytes by differential count with buffered Wright-Giemsa stain, and viability was always greater than 90% by trypan blue dye exclusion.
Assay for Leukocyte Adhesion to M-SMCs-Adhesion of leukocytes to M-SMCs was measured as described previously (11, 26) . Briefly, M-SMCs were plated into 24-well plates in their appropriate medium (2 to 3 ϫ 10 4 cells/well in 0.5 ml) 3-5 days before the assay and grown to confluence. Treatment of M-SMCs with poly(I⅐C) (100 g/ml) was performed for 18 h before assay. On the day of the adhesion assay, U937 cells (up to 70 ϫ 10 6 cells/ml) were labeled for 90 min at 37°C with 100 Ci of 51 Cr as sodium chromate (PerkinElmer Life Sciences) in 1 ml of culture medium. The labeled cells were washed three times with culture medium, counted on a hemocytometer, and resuspended to 10 6 viable cells (as determined by trypan blue dye exclusion) per 0.5 ml of culture medium. Incubation medium was aspirated from M-SMCs, and 10 6 labeled leukocytes were added to each well.
Prior to leukocyte adhesion, monolayers of M-SMCs were incubated in the presence or absence of thrombin (25 units/ml, 5 ml/75-cm 2 culture; United States Biochemical Corp.), thrombin receptor peptide (SFLLRN, 100uM, Immuno-Dynamics, Inc.), or TNF-␣ (10 ng/ml, Shenandoah Biotechnology) for 3 h (unless otherwise noted) in complete media and washed three times with Hanks' BSS. The binding phase of the assay was then performed at 4°C for 1 h. Subsequently, the wells were gently washed three times with cold medium to removed unbound leukocytes. The cells were lysed with 1% Triton X-100, and an aliquot was removed for quantitation of radiolabel. The number of leukocytes bound per well was calculated from the initial specific activity (cpm/cell). Spontaneous release of chromium from the monocytes in control incubations without M-SMCs was typically less than 5%.
Bioinformatics Analysis of HC Sequences-The Swiss Protein and TrEMBL databases were searched using PeptideCutter (73) and PROSITE Pattern Scan (74) for human HC protein family members with the thrombin consensus motif (A/F/G/I/L/T/V/ M)(A/F/G/I/L/T/V/W/A)(P)R(not D/E)(not D/E). No description filter was chosen, and at most one character was allowed to match a conserved position in the pattern, and the match mode was set to "greedy, overlap, and no includes." Protein hits were assessed individually for the consensus sequence and confirmed in a secondary database search. Illustration of HC1 domains and post-translational modifications was produced using Illustrator for Biological Sciences tool (75) . HC1 sequences were aligned using Clustal Omega (76) .
Proteomic Analysis of Thrombin-treated HC-HA-Protein samples were fractionated on a TGX 4 -25% SDS-polyacrylamide gel (Bio-Rad) for GeLC analysis. A dual-color prestained Precision Plus Protein standard (Bio-Rad) was run as the molecular weight marker. The gel was fixed for 30 min in 50% ethanol, 10% acetic acid, transferred to a plastic dish, and stained in the dark with Gel-Code blue.
Each sample was divided into nine bands, and each band was digested according to an in-gel digestion procedure. The gel pieces were washed with water and dehydrated in acetonitrile. The bands then were reduced with dithiothreitol and alkylated with iodoacetamide before the in-gel digestion. All bands were treated with trypsin by adding 5 l of 10 ng/l trypsin in 50 mmol/liter ammonium bicarbonate and incubating overnight at room temperature to achieve complete digestion. The peptides that were formed were extracted from the polyacrylamide in 2 aliquots of 30 l of 50% acetonitrile with 5% formic acid. These extracts were combined and evaporated to less than 10 l in a Speedvac (Thermo Fisher Scientific) and then resuspended in 1% acetic acid to make a final volume of ϳ30 l for liquid chromatography-mass spectrometry (LC-MS) analysis.
The LC-MS system was a Finnigan LTQ-Orbitrap Elite hybrid mass spectrometer system interphased with a Dionex Ultimate 3000 high performance liquid chromatography system (Thermo Fisher Scientific). The high performance liquid chromatography column was a Dionex 15-cm ϫ 75-m internal diameter Acclaim Pepmap C18, 2 m, 100 Å, reversedphase capillary chromatography column. Five microliters of the extract was injected, and the peptides were eluted from the column by an acetonitrile, 0.1% formic acid gradient at a flow rate of 0.25 l/min and were introduced into the source of the mass spectrometer online. The digest was analyzed using the data-dependent multitask capability of the instrument acquiring full scan mass spectra to determine peptide molecular weights and tandem mass spectra (MS/MS) to determine amino acid sequence in successive instrument scans.
Tandem mass spectra were extracted by Proteome Discoverer version 1.4.1.288. All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.3.02), Sequest (Thermo Fisher Scientific; version 1.4.0.288), and X! Tandem (The GPM, thegpm.org; version CYCLONE (2010.12.01.1)). Mascot, Sequest, and X! Tandem were set up to search the Bovine and Human Reference Sequence database assuming the digestion enzyme trypsin, fragment ion mass tolerance of 0.6 Da, and a parent ion tolerance of 10 ppm. Carbamidomethyl of cysteine was specified as a fixed modification, and oxidation of methionine was specified as a variable modification.
Scaffold (version Scaffold_4.4.6, Proteome Software Inc.) was used to validate MS/MS-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability by the Peptide-Prophet algorithm (77) . Protein identifications were accepted if they could be established at greater than 99.0% probability to achieve a false discovery rate of less than 1.0% and contained at least two identified peptides. Protein probabilities were assigned by the ProteinProphet algorithm. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Western Blotting Analysis-Confluent cultures of M-SMCs were treated with DME/F-12 medium containing 10% FBS with or without poly(I⅐C) (100 g/ml) for 18 h. Cultures were rinsed three times with 5 ml of Hanks' BSS and treated with or without thrombin (25 units/ml, 5 ml for a T75-cm 2 culture flask; United States Biochemical Corp.) for 3 h, then rinsed three additional times with Hanks' BSS, and treated with Streptomyces hyaluronidase (100 milliunits/ml, 1 ml/75-cm 2 culture; Seikagaku) for 5 min at 37°C to release HA-associated material from the cell surface as described previously (11) . The HA digest supernatant was collected, and protein concentration was determined by using the Bradford assay (Bio-Rad). Protein samples were mixed with Laemmli sample buffer (Bio-Rad,) and 2-mercaptoethanol was added as a reducing agent to a final concentration of 5%. Equivalent volumes of either HA-released supernatant or diluted human serum (Equitech) (25 l) were loaded onto 4 -20% Mini-PROTEAN TGX gels (Bio-Rad) and blotted using the Trans-Blot Turbo System (Bio-Rad). Blocking was performed for 1 h in phosphate-buffered saline (PBS) containing 5% nonfat dry milk at room temperature. After blocking, membranes were incubated with a rabbit polyclonal antibody to I␣I (at a 1:1000 dilution, A0301, DAKO) or with a mouse anti-human ITIH1 antibody against full-length ITIH1 (1:1000, Abcam) in PBS containing 0.1% Tween 20 (PBST) with 5% nonfat dry milk overnight at 4°C. Membranes were washed three times in PBST (10 min/each), incubated with a horseradish peroxidase-conjugated secondary antibody (1:15,000 dilution in PBST with 5% milk) for 1 h at room temperature, and washed three times with PBST and twice with PBS (for 10 min each). Signal was detected using an enhanced chemiluminescence solution (GE Healthcare).
Immunofluorescent Analysis-M-SMCs were grown using glass chamber slides (ibidi) and treated as described previously (11, 26) . Immediately after the PBMC adhesion assay, slides were gently rinsed with Hanks' BSS, fixed with ice-cold methanol for 15 min at 4°C, and then air-dried. Chamber slides were preincubated with Hanks' BSS containing 2% FBS for 30 min at room temperature to block nonspecific interactions. Slides were incubated with primary reagents consisting of biotinylated HA-binding protein (Calbiochem-EMD Millipore) (5 g/ml) and a monoclonal antibody to CD44 (clone A3D8, Sigma) in Hanks' BSS containing 2% FBS overnight at 4°C. After primary incubation, slides were washed three times with Hanks' BSS and then incubated with secondary detection reagents: AlexaFluor 488-tagged streptavidin (at a 1:500 dilution) and anti-mouse AlexaFluor 568 (at a 1:500) in Hanks' BSS containing 2% FBS for 1 h at room temperature. Slides were then washed and mounted using Vectashield mounting medium containing DAPI (Vector Laboratories). All images were obtained using a Leica upright microscope DM5500 B (Leica), HCX PLAN APO ϫ20/1.32NA oil immersion objective, QImaging Retiga cooled CCD camera, and QCapture Suite software (QImaging).
Statistical Analysis-All data were analyzed with GraphPad Prism 5 software. The data collected from each experiment is represented as the mean, with error bars signifying the standard error of the mean (S.E.). All data were analyzed using a twotailed paired Student's t test for parametric data, and a p value less than or equal to 0.05 was considered as statistically significant.
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